Gate-modulated transport through partially aligned films of single-walled carbon nanotubes (SWNTs) in thin film type transistor structures are studied experimentally and theoretically. Measurements are reported on SWNTs grown by chemical vapor deposition with systematically varying degrees of alignment and coverage in transistors with a range of channel lengths and orientations perpendicular and parallel to the direction of alignment. A first principles stick-percolation-based transport model provides a simple, yet quantitative framework to interpret the sometimes counterintuitive transport parameters measured in these devices. The results highlight, for example, the dramatic influence of small degrees of SWNT misalignment on transistor performance and imply that coverage and alignment are correlated phenomena and therefore should be simultaneously optimized. The transport characteristics reflect heterogeneity in the underlying anisotropic metal−semiconductor stick-percolating network and cannot be reproduced by classical transport models.
Thin films of single-walled carbon nanotubes (SWNTs) represent a class of electronic material that can serve as highperformance semiconducting and/or conducting layers in thin film type field effect transistors (TFT) and other devices. [1] [2] [3] [4] [5] [6] [7] [8] The favorable statistics of such films may provide a route to practical tube-based electronics systems by obviating the need for precise control over the properties or positions of individual SWNTs. The films can consist of any arrangement of tubes, from random networks to perfectly aligned arrays typically in coverages that correspond to somewhat less or somewhat more than a monolayer (appropriate for maximum gate control). In such network TFTs, tube-tube contact resistances have detrimental effects on the overall transistor performance. Reducing or eliminating such tube-tube contacts can improve the performance. This goal can be achieved by designing the devices such that (i) the SWNTs are sufficiently long (length L S ) to directly bridge the source/ drain electrodes (channel length L C ) and (ii) the SWNT are configured into dense, aligned arrays that avoid tube-tube overlaps. Generating well-aligned arrays with near-monolayer coverage represents a considerable experimental challenge. Some promising methods rely on chemical vapor deposition growth guided by favorable van der Waals and/or step edge interactions between the tubes and the underlying substrate (quartz or sapphire). [9] [10] [11] When implemented with annealed substrates, moderate catalyst concentrations, and optimized growth conditions, well-aligned arrays at reasonably high coverage are possible. 12 Even in these cases, however, some degree of misalignment exists, which tends to increase with increasing tube coverage. The influence of even a small number of misaligned tubes on transport can be significant, since such tubes can intersect and thereby establish electrical contacts to many other aligned tubes. Predictive knowledge of the physics of percolative transport through such partially aligned heterogeneous (one-third of the tubes are metallic) arrays, therefore, is a prerequisite to interpret and optimize the electrical performance of these thin films. The system involves, in general, a combination of (i) transport from one electrode to another through individual tubes that bridge the source/drain electrodes and (ii) percolation type transport in an anisotropic tube network. The length and coverage of the tubes and the orientation and length of the transistor channel (L C ) determine the relative contributions of these two pathways to overall transport in a particular device. Effects of anisotropy in the percolation through purely conductive networks have been studied in structured metal films 13 and carbon nanotube/ polymer composites. 14 The present report examines a different type of anisotropic network, which involves both gatemodulated percolation and direct transport in transistor structures. This particular problem, which is of paramount importance to the implementation of SWNTs as active layers in thin film electronic systems, as well as the more general case of gate modulated percolation transport in heterogeneous anisotropic networks (i.e., one with both metallic and semiconducting elements), has not been studied before. The results presented here include experimental and theoretical studies of transport and scaling properties of transistors that use submonolayer films of SWNTs with systematically varying degrees of alignment and coverage, from lowcoverage well-aligned films to high-coverage partially aligned ones. Good agreement between measurement and theory validates the key aspects of the model and reveals new routes to improve the transport properties of the films. Figure 1 shows scanning electron micrographs (SEMs) of SWNT films typical of those studied here. These samples were grown by conventional chemical vapor deposition on ST cut quartz substrates 12 using spin cast ferritin catalysts. Before the growth, the quartz wafers were annealed for 8 h at 900°C in air and cleaned with acetone, isopropyl alcohol, and deionized (DI) water. The annealing conditions, the catalyst concentrations, and the growth conditions determine the coverage and alignment of SWNTs in the resulting films. By varying these parameters, we could achieve films ranging from well to moderately aligned, and from low (∼0.1%) to high (∼2%), in terms of the percentage of the surface covered by SWNTs. For the cases studied here, we used four different films ( Figure 1 ) with degrees of alignment defined primarily by the catalyst concentrations. Solutions of the catalyst (ferritin, Aldrich, diluted with DI water) with concentrations of 0.1, 0.2, 0.76, or 3.8 mg/mL were placed on the quartz substrate, and after 1 min, a few methanol droplets were added. The substrate was then rotated at 3000 rpm for 30 s using a spin coater, followed by thorough rinsing with methanol. Heating at 900°C for 10 min oxidized the catalyst. Cooling to room temperature and then heating to 900°C in a hydrogen environment reduced the catalyst. Purging with hydrogen at 900°C for 1 min and then introducing a flow of methane (2500 sccm) and hydrogen (75 sccm) at 900°C for 10 min led to the growth of SWNTs. The diameters of the tubes in all cases are between 1 and 3 nm, as determined by atomic force microscopy, 9 with some trend toward larger diameter tubes (or small bundles) with increasing coverage. Past studies of SWNTs grown by chemical vapor deposition with ferritin catalysts indicate that roughly one-third of the tubes are metallic and two-thirds are semiconducting. 15 The ratio of numbers of semiconductor to metallic tubes was evaluated directly by electrical burning of a single or a few tubes and counting the metallic and semiconducting tubes individually. Details of the experiments are given in Supporting Information. The histogram plots summarize the distributions of tube lengths (L S ) and orientations (θ), as determined from image analysis of the SEMs. The orientations of the tubes often change at one or both of their ends. The reported values of θ correspond to segments of tubes that have a single orientation, as observed in the field of view. Similarly, the values of L S correspond to the lengths of these tube segments. The average tube lengths, 〈L S 〉, were determined by the arithmetic mean of the measured L S values; the lengths for films 1-4 were 40, 22, 6, and 5 µm, respectively. The degree of alignment can be defined in terms of an anisotropy parameter, R,
.0, and 2.9, respectively. These growth procedures yield strong correlations between the coverage, the tube length, and the degree of anisotropy. We also note that while the approaches presented here require quartz substrates, the anisotropic networks can be transferred to other substrates, including thin, flexible plastic sheets. 16 We constructed top gate transistors in which the films (films 1-4, as illustrated in Figure 1 ) serve as the semiconductor layer. The fabrication began with growth of the films on quartz, followed by definition of source and drain electrodes of Ti/Pd (1 nm/25 nm; deposited by electron beam evaporation) by photolithography and liftoff. A spin cast layer of a photocurable epoxy (MicroChem, SU8-2) with thickness ∼1.3 µm provided a gate dielectric with dielectric constant of r ) 4.0 and per unit area capacitance of 2.8 nF/cm 2 . We chose a thick polymer for the present studies for three reasons: (1) these materials enable simple, highyield fabrication of devices with very low gate leakage, (2) the polymers, unlike many of the thin high-capacitance inorganic materials that have been explored in single tube devices, do not alter the electronic properties of the tubes, and (3) the gate coupling to the tubes can be approximated by a parallel plate model for the capacitance (i.e., the tubetube separations are, in most cases, small compared to the thickness of the gate dielectric). Thinner dielectrics are desirable for device performance but are not important for the present studies. Photolithography and liftoff defined a gate electrode on top of this dielectric, aligned to the channel, and also overlapping parts of the source/drain electrodes. Openings in the dielectric formed by photolithographic patterning provided electrical probing access to the source and drain. We used these procedures to fabricate the transistors with channel lengths of L C ) 5, 10, 25, 50 and 100 µm all with widths of W ) 250 µm. Figure 2 shows the device geometry. The channels were oriented either parallel or perpendicular to the preferred direction for tube alignment. For each device, currents between source and drain were measured at a bias (V sd ) of 0.5 V while sweeping the gate (V g ) between -40 V and 40 V. In all cases the current to the gate was less than 100 nA.
To analyze the transport characteristics of these films, we consider the scaling behavior of "ON" and "OFF" currents, I on and I off , as a function of channel length L C . The ON current is measured at V sd ) 0.5 V and V g ) -40 V; the OFF current corresponds to the minimum current observed for the range of gate voltages between -40 V and 40 V, with V sd ) 0.5 V. (The slight ambipolar response of the transistors motivates the use of such a definition for I off .) Although the transistors exhibited some hysteresis, as is typical for devices of this type, the current values, I on and I off , which form the focus of this paper, remain robust, independent of direction or history of applied voltages to the gate. Figure 2e shows a typical device response and channel length dependence. A total of 80 devices were measured for each of the films 1-4: 40 with the channel along the preferred alignment direction and 40 with orientations perpendicular to it for five different channel lengths, L C ) 5, 10, 25, 50 and 100 µm. Figure 3 illustrates a representative set of different devices that were studied. The layouts of the tubes have correlated levels of coverage, alignment, and tube length, for the growth procedures used here. (Recent reports describe growth strategies that eliminate some of these correlations. 17 ) At low coverage, extremely high degrees of alignments and long tube lengths result, leading to many tubes that bridge the source and drain electrodes, with almost no tube-tube overlaps. This configuration leads to large ON currents, but also large OFF currents due to the presence of the metallic tubes. At high coverage, the alignment can be poor and the tubes are short; this configuration leads to percolation transport pathways and high on/off ratios due to the small chance of bridging tubes or purely metallic current pathways. Similar but different types of considerations lead to different behaviors with different channel orientations. Parts c and d of Figure 3 show devices with same tube coverage but different channel orientations. Lower ON currents and higher on/off ratios are observed for perpendicular orientation (Figure 3f ) compared to the parallel orientation. Measurements of this type provide a means to quantify the level of electrical anisotropy in the network, in terms of the ratio of ON currents measured in the parallel and perpendicular directions. Figure 3g shows the calculated current anisotropy, A ) I | /I ⊥ , evaluated in the on state, of aligned, dense partially aligned, and random network cases. The highest anisotropy occurs, as expected, in the aligned devices. Increasing tube coverage tends to lower the anisotropy. In cases that involve some level of percolation transport pathways, the ON current anisotropy decreases with increasing channel length. Completely random network grown, for example on amorphous SiO 2 , does not provide any anisotropic conduction.
A review of the measured electrical characteristics for aligned (Figures 1a and 4a) , partially aligned (Figures 1c  and 4b) , and dense partially aligned (Figures 1d and 4c ) networks shows that, analogous to classical transistors, I on and I off decrease with increasing L C . The corresponding insets show samples of randomly generated networks. Unlike classical transistors, however, the (channel-length) scaling exponents of I on and I off , are significantly different. 7, 18 This anomaly is highlighted in the ratio of I on /I off ()R I ) which, instead of remaining constant (as would be expected for classical transistors), increases with L C . Moreover, the rate at which R I increases with L C increases with decreasing coverage. Finally, one anticipates the I on and I off to individually approach zero for perfectly aligned network as L C f L S , yet remarkably both currents remain finite even with L C . L S . These three counterintuitive transport characteristics of aligned tubes indicate that classical "top-down" mobilitybased models are no longer adequate and that a "bottomup" 18 treatment of transport based on stick-percolation models is required.
We construct a numerical stick-percolation model for this system by randomly populating a two-dimensional (2D) grid by sticks of length (L S ) and orientation (θ) with probability density function (PDF) consistent with experimental conditions (Figure 1) . One-third of the generated tubes are metallic and the remaining two-third are semiconducting (Supporting information) (the results are not too sensitive to the precise fraction of metallic tubes between 1 / 3 and 1 / 4 , see Supporting Information). Since, L C and L S are much larger than the phonon mean free path, contact resistances are not important and linear-response transport (small V sd and constant V g obviates the need to solve the Poisson equation) within indiVidual stick segments of this anisotropic stick-network system is well described by drift-diffusion theory. 7, [19] [20] [21] The low bias drift-diffusion equation, J ) qµn d /ds, when combined with current continuity equation, dJ/ds ) 0, gives the nondimensional potential i along tube i as (see Supporting Information)
Here, s is the length along the tube and c ij ) G 0 /G 1 is the dimensionless charge-transfer coefficient between tubes i and j at their intersection point. G 0 (∼0.1 e 2 /h) 22 and G 1 ()qnµ/ ∆x) 7 are mutual and self-conductance of the tubes. Here, n is carrier density, µ is mobility, and ∆x is grid spacing. The 
network contains both metallic and semiconducting tubes. I on is computed by assigning G 1 (metal) ∼ G 1 (semi), while I off is compute by setting G 1 (semi) )10 -4 × G 1 (metal).
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G 1 (metal) is assumed to be relatively insensitive to V g . Hundreds of such samples are constructed to accurately reflect the PDF of length and anisotropy distribution in Figure  1 , and the average of these currents is compared to the measured data.
Before we use our stick-percolation model to interpret the three counterintuitive features of anisotropic network discussed above and shown in Figure 4 , let us first analyze the simpler case of ON current dependence on L C for the completely random stick network. 7 As is well-known, in a classical 2D film conductor the current will simply be inversely proportional to L C , i.e., I on ∼ k/L C , which is Ohm's law. Here, k is a material-specific constant. However, stick networks are nonclassical 2D conductor and satisfy the finite size scaling relationship 24, 25 where, the current exponent m is universal constant that depends only on the normalized coverage (F S L S 2 , F S is the number of SWNTs in unit area and L s is the length of the SWNT) and the anisotropy of the tubes. For example, for completely random network 24 and at coverage much higher than the percolation threshold (F S L S 2 . 4.236 2 /π), 26 most of the sticks in the network are connected and take part in conduction as shown in Figure 5a . Therefore, the high coverage network behaves as a 2D conductor and m ∼ 1, i.e., I on ∼ k/L C (Figure 5c , red circles are experimental values and the red line is the simulation), which is again Ohm's law. But for a random network with coverage at/near the percolation threshold (F S L S 2 ∼ 4.236 2 /π) all the sticks are not connected to source and drain and there are many islands or pools of unconnected sticks. These pools of sticks form new percolating paths as L C is reducedseffectively increasing the width of the channel and increasing the current exponent to m ) 1.9, 7,24 i.e., I on ∼ (k/L S )(L S /L C ) 1.9 . For example, the 
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intermediate coverage network (density above the percolation threshold, but still low compared to the dense network) shown in Figure 5b , has a current exponent of m ) 1.4. The dotted lines show the current paths in each device. The ON current scaling appears in Figure 5c (blue squares). Figure  5d shows the current exponent (m) vs coverage, where the symbols represent the two curves in Figure 5c . Devices with high coverage and long channel length (L C . L S ) approach the macroscopic device limit (classical ohmic behavior). 5, 27 Here, the random networks with high coverage (Figure 5a , F S L S 2 ∼ 20-40) and low coverage (Figure 5b , F S L S 2 ∼ 5-10) were grown on SiO 2 (100 nm)/Si where Si forms a back gate.
Next, let us look at the second puzzle of the on/off ratio: The scaling of the on/off ratio, R I , for random networks, shown in Figure 5e , in the high (red circles) and low (blue squares) coverage cases provides additional insights. Note that approximately one-third of the tubes are metallic and two-third are semiconducting (Supporting information). In the ON state, the total (metallic plus semiconducting) tube coverage F S L S 2 determines the experimental current exponent m on as discussed earlier. On the other hand, the effective coverage of the network at OFF state is ∼F S L S 2 /3 (only metallic tubes conduct) with the current exponent being m off . Since m scales inversely as F S L S 2 (Figure 5d ), m on < m off .
m on -m off , therefore R I increases with the exponent m on -m off as a function of L C . Moreover, the model predicts that the R I vs L C increases more rapidly for lower coverage network. This is a consequence of rapidly changing exponent, m, at lower coverage vs relatively constant m at higher coverage (compare red circles to blue squares in Figure 5e ).
The analysis of ON current (I on ), OFF current (I off ), and on/off ratio (R I ) for anisotropic networks (Figure 4) is qualitatively similar to that of the random networks ( Figure  5 ). In fact, the basic explanations of the first two nonintuitive features of an anisotropic network, i.e., (a) nonclassical scaling of ON current and OFF current scaling and (b) increase in R I with L C in Figure 4 , are exactly the same as those of the features shown in Figure 5 (just discussed above). However, quantitatiVely there are significant differences: First note that the high coverage anisotropic networks show exponents (∼1) that are similar to the random network (red circles in Figure 4b ,c and in Figure 5c ). The results are completely different for the lower coverage cases. Because of the tradeoff between tube coverage, tube length, and orientation associated with the growth process, the current exponents can change drastically. The stick percolation model described above can be employed to explain the behavior of these anisotropic networks and the simulations (lines) agree with the experiments (symbols) well as shown in Figure 4 . Each simulation point of Figure 4 and 5 reflects the average solution of ∼200 statistical samples. The current exponents for aligned (Figures 1a and 4a) , partially aligned (Figures 1c and 4b) , and dense partially aligned (Figures 1d  and 4c ) networks for I on , I off , and on/off ratio are given by m on ) 1.7, ∼1, ∼1, m off ) 4.8, 2.78, 1.53, and m on -m off ) -3.1, -1.78, -0.53, respectively. Although some expected scaling of current exponents and current outputs can be observed through comparisons between device types, each network case must be analyzed separately due to correlations between tube length, tube alignment, and coverage. For the anisotropic networks, low coverage provides low on/off ratios and high coverage provides on/off ratios similar to random networks. In the former cases, spanning tubes dominate transport, such that the on/off ratio is nearly constant (<10) up to channel length of 50 µm. Intermediate tube coverage provides the highest on/off ratio. All types of networks yield lower limits on the on/off ratio given by 1 + 2G 1 (semi)/ G 1 (metal) ∼ 3 (assuming equal conductance in the ON state) as L C f 0, where all the tubes bridge S/D directly irrespective of alignment (Figures 4 and 5e) .
The stick percolation approach also highlights the importance of misalignment in dictating long-channel transistor performance and resolves the third dilemma so as to why the currents do not drop to zero as L C approaches L S . In Figure 1a , the degree of misalignment appears negligible. Had this been the case, I on and I off would have dropped dramatically as L C f L S , because the percolation threshold for perfectly aligned system approaches infinity (F perc f ∞). Yet, the I on and I off currents show no dramatic change as L C approaches L S . This is because a very small number of short misaligned tubes can bridge the (otherwise unconnected) longer tubes and dramatically reduce F perc to finite values. Misalignment also reduces the variations in current output with orientation of the channel relative to the preferred direction of tube alignment. In the long channel limit (L C > L S ), this anisotropy can be extremely high, since the absence of spanning tubes in the perfectly aligned case yields zero current output (in both the ON and OFF states). For short channels (L C < L S ), the degree of anisotropy is moderate, with current ratios in the range of π/2 for the perfectly aligned and isotropic cases.
A related finding is that our results imply that for transistors with L C > L S , perfect alignment is not optimal and would actually carry less current than slightly nonaligned systems. In this case, percolation dominates and high on/off ratios are possible even with a significant population of metallic tubes. On the other hand, short channel transistors (L C < L S ), which are necessary for high-performance technologies, have low on/off ratios, which reflect roughly the relative numbers of metallic and semiconducting tubes. In this regime, an approach for removing the effects of the metallic tubes might be necessary to produce acceptable devices. 2, 28, 29 These and other predictions based on these models provide insights into methods to optimize SWNT films for various applications in electronics. 2 ) decreases monotonically with increasing F S L S 2 approaching the classical limit of m ) 1 for higher coverage. The points indicated correspond to high (red circle) and low (blue square) coverage curves in c. (e) I on /I off ratio vs channel length (L C ) for same coverage increases with L C and the rate of increase is more for lower coverage.
